Postoperative infections after hepatectomy sometimes lead to fatal hepatic failure, but the mechanism of the hepatic failure is unclear. Wistar rats underwent 90% hepatectomy, and were then divided into three groups: (i) the SAL group, injected with normal saline; (ii) the LPS group, injected with lipopolysaccharide (LPS) every day for 1 week; and (iii) the LPS plus TGF-Ab (LPS+TGF-Ab) group, injected with LPS with anti-transforming growth factor-β1 (TGF-β1) antibody. We investigated survival rates, TGF-β1 expression in the liver, liver regeneration by proliferating cell nuclear antigen labeling index, hepatocyte apoptosis by single stranded DNA labeling index, and perisinusoidal fibrosis using Masson's trichrome staining. The LPS group (30.4%) had a significantly lower survival rate than the SAL group (84%) and tended to be lower than the LPS+TGF-Ab group (49.4%). Liver regeneration in the LPS group was significantly lower than in the other groups. In the LPS group, hepatocyte apoptosis and perisinusoidal fibrosis was significantly more remarkable, and TGF-β1 expression was significantly higher than in the SAL group. TGF-β1 enhanced by LPS plays an important role in the mechanism of hepatic failure by infections after hepatectomy, especially in inhibition of liver regeneration, and induction of hepatocyte apoptosis and perisinusoidal fibrosis.
INTRODUCTION
Advances in liver surgery technique and peri-operative management have made extensive hepatectomy possible, but postoperative infections such as intraperitoneal abscesses and pneumonia sometimes cause death through hepatic failure. Takeda et al. 1 classified liver failure after extensive hepatectomy in clinical cases into two types: (i) the cholestatic type, characterized as mainly regeneration of hepatocytes and fibrosis in the sinusoidal wall; and (ii) the non-regenerative type, characterized as apoptosis of hepatocytes. They reported that the cholestatic type was induced mainly by postoperative infections.
Some investigators have reported endotoxin-induced liver injury after partial hepatectomy in which massive hepatic necrosis due to sinusoidal microcirculatory disturbance was the main cause of hepatic failure. [2] [3] [4] [5] [6] In these studies, there was a single endotoxin administration and, in most, the period of investigation was completed within 48 h of endotoxin administration. In clinical cases of infections after hepatectomy, the remnant liver is exposed to infectious burden continuously for 1 or 2 weeks. There are big differences in the period of exposure to infectious burden between clinical cases and basic research. In this study, we describe a new hepatic failure model for infections after partial hepatectomy, focusing on transforming growth factor-β1 (TGF-β1) as a fibrogenic factor 7, 8 and as a factor inhibiting liver regeneration, 8, 9 clarify the mechanism of the hepatic failure in the late phase after hepatectomy, and discuss the therapy for preventing the hepatic failure.
MATERIALS AND METHODS

Animals
Male Wistar rats (Charles River Japan, Inc., Yokohama, Japan) weighing 250-350 g and aged 8-10 weeks were used for this study. They were fed standard chow pellets and water ad libitum, and 6-10 h before surgery they were allowed no food, only water. These experiments were performed in accordance with the standard guidelines for animal experiments at Yokohama City University.
Experimental design
The experimental design is summarized in Figure 1 . Under anesthesia with ether, rats underwent 90% partial hepatectomy as an extensive, but safe, hepatectomy procedure according to the method of Kubota et al. 10 which was modified from the procedure of Higgins and Anderson. 11 Rats were then divided into three groups. In the SAL group, they were intravenously administered 0.5 ml of normal saline through the tail vein each day from postoperative days (POD) 1 to POD 6 under light anesthesia with ether; each day from POD 1 to POD 6, the LPS group was given an intravenous dose of 0.1 mg/kg body weight of lipopolysaccharide (LPS, Escherichia coli serotype O26; Sigma, St Louis, MO, USA) dissolved in 0.5 ml of saline; the LPS plus TGF-Ab (LPS+TGF-Ab) group received the same intravenous dose of LPS for 1 week plus 1 µg of anti-TGF-β1 antibody (42101, Genzyme-Techne, USA) to neutralize TGF-β1 12,13 dissolved in 0.5 ml of phosphate-buffered saline each day on POD 1, 2, and 3. The LPS dose (0.1 mg/kg) was determined from a preliminary experiment in which rats were intravenously administered 0.01 mg/kg, 0.1 mg/kg, 0.5 mg/kg body weight of LPS after 90% hepatectomy (data not shown), and by referring to other reports. [2] [3] [4] [5] [6] The anti-TGF-β1 antibody dose was determined from Enami et al. 12 The SAL group was the control group for this study.
Rats were sacrificed on POD 4 and 7 to obtain blood and remnant liver samples, and survival rates were investigated by the Kaplan-Meier method for 1 week. Blood was obtained by direct aortic puncture under anesthesia with ether and then the remnant liver was excised.
Biochemical study of the plasma
Plasma was obtained by centrifugation of blood at 2000 g for 15 min and stored at -80°C until use. Total bilirubin (T-Bil), alanine aminotransferase (ALT), alkalinephosphatase (ALP), and hyaluronic acid (HA) were measured with an automatic biochemical analyzer according to the manufacturer's instructions.
Histological analysis of the remnant liver
The remnant liver samples were fixed with 10% formaldehyde in phosphate-buffered saline for histological and immunohistochemical analysis. Paraffin-embedded liver sections 3 µm thick were prepared and stained with hematoxylin-eosin. Masson's trichrome staining was performed to detect collagen fiber.
Immunohistochemical analysis of TGF-β1 expression in the liver
The liver sections were deparaffinized, dehydrated and immersed in methanol containing 0.3% hydrogen peroxide for 30 min to inactivate the intrinsic peroxidase. The sections were treated with prediluted anti-TGF-β1 antibody (sc-146, Santa Cruz, USA) at 4°C for 12 h, and then visualized using the ABC Staining System (sc-2018, Santa Cruz, USA) and diaminobenzidine reaction. Negative controls were similarly processed using the control IgG (sc-2027, Santa Cruz, USA) in place of the anti-TGF-β1 antibody. Male Wistar rats underwent 90% partial hepatectomy, and were then divided into three groups: (i) the SAL group, injected with normal saline each day from postoperative day (POD) 1 to POD 6; (ii) the LPS group, injected with lipopolysaccharide (LPS, 0.1 mg/kg body weight) each day for 1 week; and (iii) the LPS+TGF-Ab group, injected with anti-TGF-β1 antibody (1 µg/body, i.v.) to neutralize TGF-β1 on POD 1, 2, and 3 and with LPS each day for 1 week. In this study, the SAL group served as a control.
Assessment of liver regeneration and apoptosis of hepatocytes
Liver regeneration and apoptosis of hepatocytes were assessed immunohistochemically using anti-proliferating cell nuclear antigen (PCNA) antibody (U7032, Dako A/S, Denmark) and anti-single-stranded DNA (ssDNA) antibody (A4506, Dako Japan, Japan), which recognizes DNA fragmentation caused by a single-strand break in the nucleus during cell apoptosis. 14 The liver sections were deparaffinized, dehydrated and immersed in methanol containing 0.3% hydrogen peroxide for 30 min to inactivate the intrinsic peroxidase.
For PCNA, the sections were treated with peroxidaseconjugated prediluted anti-PCNA antibody at 37°C for 1 h, and visualized with diaminobenzidine reaction for the labeled antigen.
For ssDNA, the sections were treated with 100-fold diluted anti-ssDNA antibody after blocking with 10% normal goat serum. The labeled antigen was visualized with the HistoFine kit (Nichirei, Tokyo, Japan).
The PCNA-positive hepatocyte count per 1000 hepatocytes in several randomly selected fields under a light microscope was determined as the parameter of liver regeneration, and the ssDNA-positive hepatocyte count per 1000 hepatocytes in several randomly selected fields was determined as the parameter of apoptosis.
Assessment of fibrosis in the sinusoidal wall
Masson's trichrome staining was performed to detect collagen fiber, and fibrosis in the sinusoidal wall was evaluated by measuring the thickness of collagen fibers in the perisinusoidal space at 10 randomly selected sites. 1
Analysis of TGF-β1 protein expression of the liver
An excised liver sample (2 g) was frozen in liquid nitrogen and stored at -80°C until use. The TGF-β1 concentration of the liver was measured using a Quantikine Human TGF-β1 Immunoassay Kit (R&D systems, USA), in which TGF-β1 antibody was cross-reacted with the rat protein. 15, 16 The assay detected the total quantity of both active and latent forms of TGF-β1. The assay used the quantitative sandwich enzyme immunoassay technique, and it was carried out according to the manufacturer's instructions.
Statistical analysis
Survival rates were analyzed using the log-rank test. All the other data values are presented as mean ± SD, and were analyzed using analysis of variance and the Tukey-Kramer test for multiple comparisons. P values less than 0.05 were considered statistically significant.
RESULTS
Survival rates
In this study, the SAL group was the control group. The survival rate of the LPS group was 30.4% on POD 7, which was significantly reduced in comparison with the SAL group (84%). The survival rate of the LPS+TGF-Ab group was 49.4%, which was not significantly improved versus the LPS group ( Fig. 2 ).
Plasma ALT, T-Bil, ALP, and HA levels
As summarized in Table 1 , plasma T-Bil, ALP, and HA levels in the LPS group on POD 7 were significantly higher than those in the SAL group, and in the LPS+TGF-Ab group, the levels were significantly reduced in comparison with the LPS group. The ALT level in the LPS group on POD 7 tended to be higher than that of the other groups.
Histological analysis and immunohistochemical analysis of TGF-β1 expression in the remnant liver
In the SAL group, hematoxylin-eosin staining showed good regeneration of the remnant liver and several mitotic hepatocytes on POD 4 (Fig. 3A) . In the LPS group, vacuolar degeneration of hepatocytes was more marked, and apoptosis and focal necrosis of hepatocytes were seen more frequently than in the SAL or LPS+TGF-Ab groups on POD 4 (Fig. 3B) . With Mas- son's trichrome staining, collagen fiber accumulation in the sinusoidal wall was blue-stained. Fibrosis in the perisinusoidal spaces in the LPS group was more marked than in the SAL or TGF-Ab groups on POD 4 ( Fig. 3C,D) . Immunohistostaining against TGF-β1 showed weak expression of TGF-β1 in hepatocytes in the SAL group on POD 4 (Fig. 3E ). In the LPS group, TGF-β1 was expressed more around the sinusoids than in the SAL or LPS+TGF-Ab groups (Fig. 3G ).
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Regeneration and apoptosis of the remnant liver
In the LPS group, liver regeneration with the PCNAlabeling index was significantly decreased in comparison with that in the SAL group on POD 4 and 7, and in the LPS+TGF-Ab group, it was significantly improved on POD 4 and 7 (Fig. 4A ). In the LPS group, apoptosis of hepatocytes with ssDNA-labeling index was significantly increased in comparison with that in the SAL 36 Yoshimoto, Togo, Kubota et al. group on POD 4 and 7. In the LPS+TGF-Ab group, it tended to be decreased in comparison with that in the LPS group, and tended to be increased in comparison with that in the SAL group (Fig. 4B) .
Fibrosis in the sinusoidal wall
The thickness of collagen fibers in the perisinusoidal space in the LPS group was significantly greater than that in the SAL group on POD 4 and 7. In the LPS+TGF-Ab group, it was improved in comparison with that in the LPS group, but was significantly greater than that in the SAL group on POD 7 (Fig. 5 ).
Expression of TGF-β1 protein in the remnant liver
Values are presented as TGF-β1 protein per gram of wet liver. In the LPS group, TGF-β1 expression in the liver was significantly greater than that in the SAL group on POD 7. In the LPS+TGF-Ab group, it was reduced in comparison with that in the LPS group without a significant difference (Fig. 6) .
DISCUSSION
Previous studies have reported the mechanism of endotoxininduced liver injury after partial hepatectomy, in which endotoxin was administered once. [2] [3] [4] [5] [6] In this study, we developed a new hepatic failure model using daily endotoxin administration as an infectious burden after hepatectomy, which appeared to be more related to clinical cases than the previous study designs. The survival rate in the LPS group was significantly lower than in the SAL group. In the LPS group, the plasma T-Bil and ALP levels were significantly higher and AST level tended to be higher than in the SAL group. In the LPS group, liver regeneration was reduced, and apoptosis of hepatocytes was more remarkable than in the SAL group. Thus, this model seems to be more applicable to the study of endotoxin-induced hepatic injury in the late phase after hepatectomy.
Role of TGF-β1 in endotoxin-induced hepatic failure after extensive hepatectomy in rats 37 5 . Fibrosis in the sinusoidal wall with the thickness of collagen fibers in the perisinusoidal space. In the LPS group, fibrosis in the sinusoidal wall was significantly greater than that in the SAL group. In the LPS+TGF-Ab group, the fibrosis was significantly improved in comparison with that in the LPS group on POD 7. Values are presented as the mean ± SD. *P < 0.05 using analysis of variance and the Tukey-Kramer test. Fig. 6 . TGF-β1 expression in the remnant liver. TGF-β1 expression in the LPS group was significantly greater than that in the SAL group on POD 7.
In the LPS+TGF-Ab group, it tended to be reduced in comparison with that in the LPS group. Values are presented as the mean ± SD. *P < 0.05 using analysis of variance and the Tukey-Kramer test.
Major growth inhibitory factors in liver regeneration are TGF-β1 and activin, members of the TGF-β superfamily, 8, 9, [17] [18] [19] and both induce apoptosis in hepatic parenchymal cells. 8, [19] [20] [21] [22] In this study, TGF-β1 expression of the liver in the LPS group was significantly higher than in the SAL group. TGF-β1 is produced mainly by hepatic stellate cells (HSCs), Kupffer cells and hepatocytes in the liver, 8 and inhibits liver regeneration through cell cycle arrest between the G1 and S phases by either reduction of cyclin E expression 17 or inactivation of the cyclin E:cyclin-dependent kinase 2 (CDK2) complex. 18 Further, TGF-β1 induces apoptosis in liver parenchymal cells through cytochrome c release from the mitochondria 22 and activation of the caspase cascade 20, 22 by either down-regulation of Bcl-xL 20 or overexpression of p53 and Bax. 21 In the LPS group, fibrosis in the sinusoidal wall was remarkable and TGF-β1 was expressed more around the sinusoids than in the SAL group. In liver fibrosis, HSCs play a principal role. HSCs are activated by plateletderived growth factor (PDGF) from platelets and from injured sinusoidal endothelial cells or tumor necrosis factor α (TNF-α) from Kupffer cells, and change into their myofibroblastic phenotype. 23 Further, stimulated by TGF-β1 from Kupffer cells or from themselves, HSCs synthesize extracellular matrix, 24 and as a result, induce fibrosis in the sinusoidal wall. Fibrosis in the sinusoidal wall exacerbates the hypoxic state in hepatocytes. 24 Therefore, TGF-β1 seemed to take part in fibrosis in the sinusoidal wall through injured sinusoidal endothelial cells or by endotoxin-activated Kupffer cells.
In this study, focal necrosis of hepatocytes was remarkable and the plasma hyaluronic acid level was increased in the LPS group in comparison with the SAL group; thus, endotoxin also seemed to induce necrosis of hepatocytes by injuring sinusoidal endothelial cells. Previously, it has been reported that the mechanism of endotoxin-induced hepatic failure after partial hepatectomy is massive hepatic necrosis due to microcirculatory disturbance through sinusoidal endothelial cell destruction and fibrin deposition in the sinusoids by TNF-α and superoxide from Kupffer cells. [2] [3] [4] [5] [6] In these studies, pathological changes in the liver occurring within 48 h of endotoxin administration were discussed; therefore, we speculate that hepatic necrosis was the main cause of hepatic failure soon after endotoxin exposure.
Anti-TGF-β1 antibody neutralizes the biological activity of human and rat TGF-β1. 12, 13 It has been reported that the antibody enhanced liver regeneration after partial hepatectomy by increasing hepatic DNA synthesis 12 and prevented cyclosporine-induced renal fibrosis 13 through blocking TGF-β1. In this study, liver regeneration and sinusoidal fibrosis in the LPS+TGF-Ab group were significantly improved in comparison with that in the LPS group, but there was no significant difference between the two groups in survival rate, apoptosis of hepatocytes, and TGF-β1 expression in the liver.
In the study of Enami et al., 12 10 µg of anti-TGF-β1 antibody was administered after 70% hepatectomy; in our study, less than 3 µg of this antibody was administered after 90% hepatectomy. Thus, the antibody dose seemed to be insufficient to block the bioactivity of TGF-β1 in our study. In other studies, it was reported that TNF-α induced hepatocyte apoptosis or superoxide anion induced liver injury in endotoxin shock models. [25] [26] [27] In our study, no blocking agent was administered against TNF-α or superoxide. These results suggest that regulation of the bioactivity of TGF-β1, TNF-α or many other mediators is essential to prevent endotoxininduced hepatic failure.
Based on the results of our study, we speculate on the mechanism of hepatic failure due to infections after extensive hepatectomy as follows. Soon after endotoxin exposure, necrosis of hepatocytes due to sinusoidal microcirculatory disturbances as previously described is a principal cause of hepatic failure. However, 2 or 3 days after endotoxin exposure, inhibition of liver regeneration, apoptosis of hepatocytes, and fibrosis in the sinusoidal walls are induced due to excessive TGF-β1 from activated HSCs, and they are contributory factors in hepatic failure.
CONCLUSIONS
This new hepatic failure model using daily endotoxin administration after extensive hepatectomy shows that hepatocyte necrosis due to sinusoidal microcirculatory disturbance in the early postinfectious phase, and delayed liver regeneration, perisinusoidal fibrosis and hepatocyte apoptosis due to TGF-β1 in the late phase, all contribute to hepatic failure.
